The plant community within which flower evolution takes place has largely been ignored. We develop two models for the evolution of nectar concealment when flowers are visited by legitimate pollinators and flower parasites. When there is a single plant species, no level of nectar concealment is evolutionarily stable: any population can be invaded by mutants exhibiting a higher level of nectar concealment. However, the presence of a second flower species with exposed nectar and not subject to evolution breaks the runaway process. In the presence of open flowers, depending on the fitness function there may be an evolutionarily stable level of nectar concealment, or more complex evolutionary dynamics, with nectar concealment fluctuating within a bounded range. Concealment of nectar from flower parasites can evolve even if it implies decreasing the accessibility of nectar to legitimate pollinators.
INTRODUCTION
The traditional view of floral traits is that they reflect differences in foraging preferences and morphology of pollinators, arising from tight coevolutionary processes between pairs or small groups of species. Several recent studies and reviews have, however, pointed out that plant-pollinator relationships generally show high levels of generality ( Jordano 1987; Herrera 1988; Waser et al. 1996; Ollerton 1996; Elberling & Olesen 1999) . The study of floral evolution should thus be approached from a community context, which takes into consideration the matrix of multispecific, weak interactions in which it is embedded ( Jordano 1987; Memmott 1999) . In this paper, we study how community context affects the evolution of nectar concealment: that is, the evolution of floral traits that in any way hinder access to nectar. It is normally assumed that plantpollinator coevolution results from selection for plant traits that enhance visitation rates and/or pollination efficiency by the most efficient pollinator (e.g. Stebbins 1974; Schemske & Bradshaw 1999) . Alternatively, floral evolution may represent a compromise between attraction and defence, as proposed by Mü ller (1883). Several authors have indeed argued that certain flower traits may have evolved to keep non-desired visitors at bay (Waser & Fugate 1986; Galen 1999; Brown et al. 2002; Galen & Butchard 2003) , although the question remains whether deterrent traits can evolve when they interfere with nectar exploitation by efficient pollinators (e.g. Irwin et al. 2004 ). We use a general abstract model to clarify to what extent, and under what conditions, nectar concealment can evolve.
Our evolutionary model takes into account the foraging behaviour of nectarivorous animals. For the sake of concreteness, we will refer to our model animals as bees, although nothing in the model restricts its applicability to this taxon. When species compete for resources, optimal foraging implies some degree of resource partitioning, with certain species neglecting to exploit resources that are perfectly suitable for them (Rosenzweig 1981; Possingham 1992) . This theoretical principle has been confirmed for nectarivorous species, both with territorial hummingbirds (Pimm et al. 1985; Rosenzweig 1986 ) and non-territorial bumble-bees (Inouye 1978; Pyke 1982; Harder 1985) .
Although it is becoming increasingly common to consider the effects of several animal species on the evolutionary trade-offs of flower traits (Brown 2002) , it is equally important to remember that nectarivorous species interact with several plant species (Caruso 2000) . Because seed set is mediated by foraging behaviour and the behaviour of flower visitors depends on the array of available options (Heinrich 1976; Inouye 1978; Pyke 1982) , we cannot ignore the community in which a plant grows when we study its evolutionary history. To assess the effect of community structure on the evolution of nectar concealment, we consider two different scenarios: (i) two animal species foraging on the same plant species and (ii) two animal species foraging on two different plant species. At any point in time, we assume that bees forage optimally, and we use the results of the foraging models (Possingham 1992; M. A. Rodríguez-Gironés, unpublished data) as input for an evolutionary module. The two scenarios lead to completely different results, demonstrating the importance of ecological processes for the evolution of flower traits.
OPTIMAL FORAGING AND RESOURCE PARTITIONING
This section provides a very concise description of a foraging model developed by Possingham (1992) , on which our evolutionary model relies. We concentrate on the main ideas and basic results. Interested readers should consult the original publication.
Two bee species forage on two flower types (three in the extended model; M. A. Rodríguez-Gironés, unpublished data). M F denotes the number of F flowers open at a given time and N Z the number of Z bees, where F stands for flower type, A or B (in the model with three flower types, F ¼ A, B or C; C flowers are open, A and B flowers belong to the same species and present nectar concealment; B represents a mutant type) and Z stands for bee species, X or Y (both species are efficient pollinators of C flowers; at A and B flowers, Y bees are efficient pollinators and X bees are (conditional) parasites) throughout this paper. Bees forage by visiting a sequence of flowers. We denote by s FZ the average time that Z bees foraging on F flowers require to complete a foraging cycle. Knowing the foraging times per flower, s FZ , the number of bees foraging at each flower type and the nectar production rates of F flowers, r F , it is straightforward to calculate the expected standing crop at F flowers, E F , the intake rate of Z bees foraging at F flowers, c FZ ¼ E FZ =s FZ , and the frequency with which F flowers receive visits from Z bees, m FZ (Possingham 1992) .
Following the logic of the ideal free distribution (IFD) (Fretwell & Lucas 1970) , we can calculate the number of bees that must forage on each flower type so that no bee can increase its expected intake rate by switching to the other flower type (Possingham 1992 ; M. A. Rodríguez-Gironés unpublished data).
The key result of the model is that optimal foraging leads to resource partitioning, in the sense that at least one of the bee species will behave as specialist, visiting only one flower type (although the other species may, depending on the number of flowers of each type and the abundance of each bee species, behave as a specialist or a generalist). Possingham (1992) and M. A. Rodríguez-Gironés (unpublished data) provide closed formulas giving the number of bees that will forage at each flower type when there are two and three flower types, respectively. M. A. Rodríguez-Gironés (unpublished data) further generalizes Possingham's results to more complex scenarios, including variable rates of nectar production, changes in the currency that foraging bees maximize and arbitrary numbers of flower types and bee species.
The qualitative results of the evolutionary models that we present below rely solely on the existence of resource partitioning, and are therefore very robust (M. A. Rodrí-guez-Gironés, unpublished data). The general, somewhat abstract results, will be accompanied by a specific example, based on the precise foraging model developed by Possingham (1992) .
EVOLUTION OF NECTAR CONCEALMENT
We assume that certain flower characteristics can make access to nectar more costly by increasing exploitation time. If nectar concealment deters legitimate pollinators, but not parasites, it will never evolve. We therefore concentrate on the case when the cost is greater for parasites than for legitimate pollinators. In what follows, we will assume that X bees are parasites and Y bees are pollinators. We assume that flower morphology can be defined by a single parameter, h, such that the time a Z bee requires to exploit an F flower, s FZ (h), is an increasing function of h, such that an increase in h has a larger impact on parasites than on pollinators (i.e. s
where the prime denotes the derivative with respect to h).
Let the fitness of a plant, W F , be a continuously differentiable function of visit rates,
ð3:1Þ
When X bees are absolute parasites, visits by X bees decrease fitness, and visits by Y bees increase it:
and when X bees are conditional parasites (Thomson et al. 2000) , fitness increases with visits by X and Y bees, but the positive effect of Y bees is greater: Regardless of whether we are dealing with absolute (Appendix A) or conditional parasites (Appendix B), the model has no evolutionarily stable strategy (ESS); whatever the value of nectar concealment in the population, h, there are values of h 0 ¼ h þ dh, with dh > 0, such that a mutant with nectar concealment h 0 can invade the populations and drive the wild-type morph to extinction. Hence, h will increase for ever unless increasing the level of nectar concealment has some additional cost not related to pollination (e.g. increased water loss with larger corolla flare; Galen et al. 1999) .
As a particular example, figure 1 shows the maximum value of dh for which the fitness of the mutant is greater than the fitness of the wild-type, regardless of the frequency of mutants as a function of the level of nectar concealment, h, of the wild-types and the proportion of parasitic bees. Figure 1 is based on Possingham's (1992) foraging model and the fitness function of equation (3.4), with foraging times s Z ¼ 2 þ c Z h s, with c X ¼ 1 and c Y ¼ 0:5, which for h ¼ 4 s correspond to Bombus appositus (X bee) and B. flavifrons (Y bee) feeding at Aconitum columbianum (Inouye 1978) . With these assumptions, we can calculate expected visit rates m FZ (Possingham 1992) and fitness (equation (3.4)) of wild-type and mutant plants. The contour lines of figure 1 were calculated numerically, using the bisection method (Press et al. 1997) . When the proportion of parasitic bees is low (ca.10%), mutants can only invade if (roughly) dh < 0:5; but the value of dh Ã increases dramatically with the proportion of parasitic bees.
(b) Evolutionary dynamics in two-species communities We next study the evolution of nectar concealment in the presence of a plant species with exposed nectar rewards. Other than the plant from x 3a, with its two morphs, we now have a third flower type, C, belonging to a different species, with exposed nectar rewards. We assume that X and Y bees are equally efficient at exploiting open flowers, and more efficient exploiting open flowers than flowers with concealed rewards. We further assume that open flowers are not subject to selection and hence do not evolve. This might be the case if both X and Y bees were efficient pollinators of C flowers (Castellanos et al. 2003) . We can calculate the number of X and Y bees foraging at each flower type (M. A. Rodríguez-Gironés, unpublished data) and, from them, the expected fitness of A and B plants according to equation (3.1). (We will still refer to X and Y bees as parasites and pollinators, even though they are both efficient pollinators of C flowers and X bees may be conditional parasites at A and B flowers.)
In the presence of flowers with exposed nectar, no runaway takes place. Let h Ã be the minimum level of nectar concealment for which all parasites forage at open flowers. If h > h Ã , further increases in h are never favoured by selection and values h 0 < h are always favoured if h Ã 6 h 0 (Appendix C). If h < h Ã , increases in nectar concealment are favoured provided that h 0 -h is small enough. For some fitness functions, decreases in nectar concealment may also be favoured (Appendix C). Thus, depending on the specific shape of the fitness function, either there is an ESS where the level of nectar concealment is h Ã , or there are complex evolutionary dynamics with nectar concealment increasing until the value of h Ã and then being invaded by substantially lower values. (More complex dynamics and an ESS with mixed strategies may also be possible under these circumstances, but values of nectar concealment greater than h Ã will never be selected.) These results apply for absolute and conditional parasites, although some fitness functions may have an ESS for absolute parasites and complex dynamics for conditional parasites. Figure 2 shows, for the fitness function of equation (3.4) and Possingham's (1992) figure, we simply calculate visit rates to each flower type as in M. A. Rodríguez-Gironés, unpublished data, and substitute in equation (3.4) to see which plants attain a higher fitness. The criterion for invasibility is as in figure 1.) If X bees are absolute parasites, the system has an ESS given by the level of nectar concealment (in this case, h Ã ¼ 8 s) that cannot be invaded by any mutant. If X bees are conditional parasites, however, no pure strategy is an ESS: whatever the value of h, there are mutants h 0 that can invade the population. Figure 3 shows, for Possingham's (1992) foraging model with linear fitness function (equation (3.4)) and linear relationship between nectar concealment and foraging time, the ESS level of nectar concealment, h Ã , as a function of the proportion of absolute parasites. The ESS level of nectar concealment is (Appendix C) the minimum value of h for which all parasites forage at open flowers, and it can be calculated as the maximum value of h for which 'type p' solutions (Possingham 1992 , table 1) exist. Setting the equal sign in the condition for existence of 'type p' solutions, we obtain:
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The curves of figure 3 show two threshold values. Above an upper threshold, there is a runaway process (h Ã ¼ 1). This is not a general property of the ESS, and the upper threshold disappears if flowers can only hold a finite amount of nectar. However, if the proportion of parasitic bees lies below a lower threshold, no nectar concealment evolves.
(To be precise: below this threshold, h Ã ¼ 0 in a limiting sense. If a population plays h > 0, it can be invaded by any mutant playing h 0 as long as h > h 0 > 0. But if the population plays h ¼ 0, it can be invaded by mutants playing h 0 > 0 provided that h 0 is small enough: Appendix A.) This lower threshold is a general trait of the ESS: it exists because, when the proportion of parasitic bees is small enough, any value of h > 0, no matter how small, ensures that all parasites forage at open flowers (Possingham 1992 ; M. A. Rodríguez-Gironés, unpublished data). The lower threshold increases with the proportion of open flowers and, for Possingham's (1992) 
DISCUSSION
The evolutionary implications of diet selection in plantpollinator systems stem from the fact that minor changes in flower morphology may have a large impact on the matrix of interactions, and hence on plant fitness. If the change in flower morphology is small, the total number of bees exploiting that flower type will hardly be altered, but the species composition of its visitors may change dramatically. In the case of two flower types and two bee species for example, when the flowers are identical both bee species will be equally common at each flower type. A small change in the morphology of a flower type, however, may suffice to induce almost total segregation, with most bees of one species exploiting one flower type, and most bees of the other species exploiting the other flower type (Possingham 1992) . Individual foraging decisions therefore amplify the effects of small morphological differences.
As an example of the importance of resource partitioning in plant-pollinator systems, we have developed a model of nectar concealment to deter parasites. Under IFD assumptions, and with a single plant species, there is a runaway process, with h increasing to infinity unless there is a stabilizing cost not included in the model (figure 1). The introduction of a second species with exposed nectar rewards completely modifies the predictions, stabilizing nectar concealment at finite values of h (figures 2 and 3). These results show the importance of considering community structure when studying the evolution of plant-pollinator systems. Although we have restricted our analysis to communities with two nectarivorous and two plant species, Possingham's (1992) model can be extended to richer communities (M. A. Rodríguez-Gironés, unpublished data), where the same processes described here can lead to different levels of nectar concealment.
The mechanism underlying the evolutionary models is actually very simple. If a floral trait makes access to nectar more difficult for parasites than for pollinators, rare mutants showing that trait will be visited only by pollinators (Possingham 1992; M. A. Rodríguez-Gironés, unpublished data) . In a community with a single plant species, all parasites will necessarily concentrate on wild-type flowers with a lower level of nectar concealment, and as a result small mutations are always favoured. In a community with several plant species, parasites may totally avoid certain plants if they are more efficient at exploiting other resources, in which case further nectar concealment presents no advantage to the already unmolested flowers (figure 3). Hatched areas indicate that a mutant playing strategy h' can invade a population playing h.
proportion of parasitic (x) Nectar concealment comes in many shapes and colours. Any trait that increases the time required to reach and exploit flowers can deter flower parasites. Flowers can protect their nectar with physical barriers that visitors must overcome to obtain nectar, as is the case in the snapdragon (Antirrhinum spp.), or they can hide their nectar at the bottom of deep corollas (Inouye 1980) . But if our argument is correct, nectar can be effectively protected by more tenuous barriers, such as flower colour (Waser & Price 1983; Rodri´guez-Gironés & Santamari´a 2004) .
The models that we have developed rely on the assumption that bees are optimal foragers. There is experimental evidence showing that bees will not systematically exploit a flower type if a better option is available (Inouye 1978; Dreisig 1995; Ohashi & Yahara 2002) , but bees are not error-free. Deviations from IFD predictions will be related to the cost of foraging on the less desirable option. This cost can exceed a 20% reduction of intake rate for realistic parameters (Possingham 1992) , but becomes negligible when both foraging options are virtually identical. In practice, therefore, we should expect a mutant to invade only if it is favoured by selection under optimal foraging, and if it is sufficiently distinct from the wild-type to ensure nearly optimal foraging. Deviations from optimal behaviour will stabilize the system at finite values of h for the single-species case (although the values can be very large, as indicated by figure 1) and at lower values than predicted for the two-species condition.
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APPENDIX A: SINGLE-SPECIES COMMUNITIES, ABSOLUTE PARASITES (a) Initial invasion of mutants The mutant being rare, most plants play h, and a small fraction q (1 play h 0 ¼ h þ dh; with 0 < dh=h5 1: We call A flowers those characterized by h, and B flowers those characterized by h 0 . For dh to be sufficiently small, all X bees forage at A flowers while Y bees forage at A and B flowers. In the limit when dh ! 0: B flowers experience a higher rate of Y bee visits than A flowers, m AY < m BY ; A flowers are also visited by X bees, m AX > 0; while B flowers are not, m BX ¼ 0: Hence,
and therefore the mutation is favoured when it is sufficiently rare that X bees restrict their foraging activity to A flowers.
(b) Spread and fixation of mutants When the proportion of B plants, q, increases, the population may enter a region with total habitat partition (Possingham 1992) where X bees exploit A flowers and Y bees exploit B flowers. In this region it is clear that W A < W B and therefore the mutation spreads further. When q is sufficiently large, X bees cannot entirely subsist on A flowers. In this region, X bees exploit both A and B flowers, with m AX > m BX , and Y bees forage exclusively at B flowers, m BY > m AY ¼ 0 (Possingham 1992) . Although the presence of X bees reduces the fitness of B plants relative to the previous region,
and therefore the mutant continues to spread until the wild-type plant goes extinct.
APPENDIX B: SINGLE-SPECIES COMMUNITIES, CONDITIONAL PARASITES
We first note that total visit rates at A and B flowers become equal as the difference h 0 -h tends to zero. That is, for suffi- (Possingham 1992) . Under these conditions, when X bees are conditional parasites, equation ( This means that inequalities (A 1) and (A 2) remain true when X bees are conditional parasites and, therefore, any value of h can be invaded and driven to extinction by h 0 ¼ h þ dh, provided that dh is small enough. If h ¼ h Ã , h 0 < h and h -h 0 is sufficiently small, m AY % m BX þ m BY ; and W B < W A , so the mutant cannot spread. If, however, h-h 0 is large enough, it is possible that m AY < m BY , and, in principle (i.e. for some forms of the fitness function) the mutant might invade.
APPENDIX C: TWO-SPECIES COMMUNITIES
To summarize so far: if h > h Ã , no mutant can invade if h 0 > h, all mutants with h Ã < h 0 < h can invade and, for some fitness functions, mutants with h 0 < h Ã may invade if h -h 0 is large enough. Because of equation (A 3), these results hold regardless of whether we are dealing with absolute or conditional parasites.
(b) Case h<h Ã We now consider the situation where parasites do visit A flowers. A B mutant with h 0 > h will be visited by parasites at lower rates than the wild-type morph, and (following the steps of Appendices A and B) it can invade and drive to extinction the A morph, regardless of whether we deal with absolute or conditional parasites.
